The mdx mouse, a mouse model of Duchenne muscular dystrophy, carries a loss-of-function mutation in dystrophin, a component of the membrane-associated dystrophin-glycoprotein complex. Unlike humans, mdx mice rarely display cardiac abnormalities and exhibit dystrophic changes only in a small number of heavily used skeletal muscle groups. By contrast, mdx:MyoD ؊͞؊ mice lacking dystrophin and the skeletal muscle-specific bHLH transcription factor MyoD display a severe skeletal myopathy leading to widespread dystrophic changes in skeletal muscle and premature death around 1 year of age. The severely increased phenotype of mdx:MyoD ؊͞؊ muscle is a consequence of impaired muscle regeneration caused by enhanced satellite cell self-renewal. Here we report that mdx:MyoD ؊͞؊ mice developed a severe cardiac myopathy with areas of necrosis associated with hypertrophied myocytes. Moreover, heart tissue from mdx:MyoD ؊͞؊ mice exhibited constitutive activation of stressactivated signaling components, similar to in vitro models of cardiac myocyte adaptation. Taken together, these results support the hypothesis that the progression of skeletal muscle damage is a significant contributing factor leading to development of cardiomyopathy.
Duchenne muscular dystrophy (DMD) is a common genetic disease resulting from mutations in the dystrophin protein, which lead to severe skeletal muscle wasting followed by premature death in early adulthood (reviewed in ref. 1) . During the progression of DMD, the incidence of cardiomyopathy becomes increasingly prevalent such that Ͼ90% of patients eventually manifest significant cardiac defects (2) (3) (4) (5) . Subsequently, attendant cardiomyopathy has been suggested as a primary cause of death in a significant proportion of DMD patients (6, 7) . However, the development of DMD cardiomyopathy may not be limited to a myocardial cell-autonomous loss of dystrophin, but may also be influenced by extrinsic parameters associated with disease progression. For example, in DMD the widespread dystrophic damage of skeletal muscle concurrent with postural adaptations may result in an increased hemodynamic load. Importantly, bloodflow adaptations are an established risk factor for the development of cardiomyopathy, independent of additional genetic alterations in cardiac tissue (8) (9) (10) .
Some forms of dystrophy, such as X-linked cardiomyopathy and a proportion of Becker's muscular dystrophy (BMD) patients, present with little or no skeletal muscle damage yet develop profound cardiomyopathies (4, 5) . Although this disease originates with myocardial-specific loss of dystrophin, extrinsic hemodynamic parameters may also impact this developing cardiac pathology. Specifically, dystrophin deficiency may predispose the cardiomyocytes to structural damage, which becomes evident after long-term exposure to mechanical stress. As such, the extended volume and pressure loads associated with prolonged mobility in these patients may lead to the cumulative changes that are observed in the dystrophic myocardium (7, 11) . Analogous to this potential work-related cardiac injury, dystrophin-deficient skeletal muscle fibers have been demonstrated to be highly susceptible to activity-induced (exercise) or work-related damage (12) . Therefore, an understanding of the etiology of dystrophy-associated cardiomyopathies in general may remain incomplete before defining the degree of the involvement of extrinsic factor(s) in this pathology.
To date, the absence of appropriate animal models has clearly limited the investigation of DMD cardiomyopathy. The mdx mouse, which is the murine equivalent of DMD, lacks dystrophin as the result of a point mutation (13, 14) , but rarely displays cardiac abnormalities and exhibits dystrophic changes in only a small number of heavily used skeletal muscle groups, for example, the diaphragm (15) (16) . The attenuated myopathy in mdx mice has been attributed in part to an enhanced regenerative capacity of skeletal muscle for that murine strain. However, other factors such as small mass of the animal, quadrapedal gait, short life span, and differential expression of compensatory proteins such as utrophin may also be involved (reviewed in ref. 17) . The absence of cardiac pathology in the mdx mouse has not been adequately explained. Indeed, the attenuated skeletal muscle phenotype in mdx mice may protect the heart against the extrinsic influences that result from widespread muscle damage. Alternatively, it is possible that a related protein may functionally substitute for dystrophin in the myocardium of mdx mice. However, mdx mice that also lacked the dystrophin homologue utrophin failed to develop a uniform or extensive cardiomyopathy (18, 19) . These observations suggested that the development of cardiomyopathy in dystrophic murine models may require precipitating events in addition to the cardiac autonomous loss of dystrophin and its structural homologues. Indeed, the dramatically reduced lifespan of these mice (Ϸ15 weeks) may limit exposure to extrinsic perturbations, which may otherwise accelerate the cardiomyopathy.
To distinguish between the effects of skeletal muscle damage vs. cardiac loss of dystrophin on the development of dystrophy-associated cardiomyopathy, we investigated cardiac postnatal growth and development in mice lacking both dystrophin and MyoD (designated mdx:MyoD Ϫ͞Ϫ mice). Compound mutant mdx:MyoD Ϫ͞Ϫ mice display a pronounced myopathic phenotype caused by a marked reduction in skeletal muscle regeneration because of impaired activity of satellite cells (17) . As MyoD is not expressed in the heart, any myocardial changes evident in mdx:MyoD Ϫ͞Ϫ mice would be directly attributable to the level of skeletal muscle damage. Here we report that mdx:MyoD Ϫ͞Ϫ mice develop a progressive cardiomyopathy. Therefore, our results are consistent with the hypothesis that skeletal muscle damage is a crucial determinant in the progression of dystrophy-associated cardiomyopathy.
MATERIALS AND METHODS
Histological Analysis. Hearts were removed and fixed in 10% formalin for 4-5 days, embedded in paraffin, sectioned at 10 m and stained with haematoxylin-eosin or Masson trichrome (20) . Preparation of tissue extracts: Hearts were removed from the mice, rapidly washed in three changes of cold PBS containing 100 mM NaF and 1.0 mM Na orthovanadate, sectioned into atrial and ventricular portions (atria discarded) and then flash-frozen in liquid N 2 . The frozen ventricle tissue was powdered and then lysed for 40 min on ice with a solution containing 50 mM Hepes (pH 7.5)͞150 mM NaCl͞1.0 mM EGTA͞1.5 mM MgCl 2 ͞10 mM NaF͞10 mM Na pyrophosphate͞1.0 mM Na orthovanadate͞10% glycerol͞1% Triton X-100͞10 g/ml of the protease inhibitors phenylmethylsulfonyl fluoride, aprotinin, leupeptin, and pepstatin. Solubilized lysates were cleared by centrifugation, and protein content was determined.
Immunoprecipitation and Western Blot Analysis. Immunoprecipitations (IPs) and Western blotting from the ventricle lysates were performed as previously described (21) . Briefly, for IPs using the pan tyrosine phosphorylated antibody, PY20 (Transduction Laboratories, Lexington, KY), 250 g of total protein was used with 5 g PY20; for IPs using anti-p38 (Santa Cruz Biotechnology) or JNK-1 (PharMingen), 750 g of total protein was used with 2 g of anti-p38 and anti-JNK-1; all contained 25 l protein G Sepharose beads (Pharmacia). Immunoprecipitation was carried out for 16 hr at 4°C. Precipitates were centrifuged and washed (three times) and were subjected to SDS͞PAGE followed by transfer to Immobilon-P membranes (Millipore). Detection of proteins by Western blotting used the following dilutions for primary antibodies: p38, 1:500 (Santa Cruz); JNK-1 1:1000 (PharMingen); secondary 1:2000.
In Vitro Kinase Assays. IPs with anti-p38 or anti-JNK-1 were performed as described above. Following this procedure, the precipitates were washed twice with kinase buffer containing 50 mM ␤-glycerophosphate͞1 mM EGTA͞1 mM Na vanadate͞20 mM MgCl 2 ͞20 mM p-nitrophenylphosphate. Kinase reactions were then carried out in kinase buffer containing 5 g of substrate (glutathione S-transferase-ATF2 for p38; glutathione S-transferase-cJun for JNK-1)͞10 Ci [␥ 32 P] ATP in a total volume of 30 l. Reactions were allowed to proceed for 30 min at 30°C and then were terminated with the addition of 2ϫ SDS loading buffer followed by SDS͞PAGE. Gels were dried and exposed to film and͞or subjected to phosphoimaging to quantitate the signal.
RESULTS AND DISCUSSION
Development of Cardiomyopathy in mdx:MyoD ؊͞؊ Mice. Mice lacking both MyoD and dystrophin display a marked increase in the severity of skeletal myopathy, leading to premature death around 12 months of age. MyoD-mutant muscle contains about a 2-fold increase in the number of satellite cells that undergo self-renewal rather than the normal proliferation and differentiation that occur during regeneration. Therefore, the inability of MyoD-deficient muscle to regenerate efficiently appears to result from increased myogenic stem cell self-renewal rather than progression through the myogenic program (17) .
The mdx:MyoD Ϫ͞Ϫ phenotype more closely resembles the myopathic changes evident in human DMD, and therefore may represent a more relevant model for investigating the attendant cardiac disease associated with dystrophy. To assess a potential cardiac phenotype, hearts of animals at various ages were weighed, fixed, serially sectioned, and stained with hematoxylin and eosin. Examination of 5-month-old mdx:MyoD Ϫ͞Ϫ mice revealed examples of cardiac changes that resembled early-stage dilated cardiomyopathy. Histological analysis of sectioned hearts of severely affected mdx:MyoD Ϫ͞Ϫ animals revealed an apparent increase in ventricular diameter without a change in the thickness of the ventricular wall (Fig.  1A) . In addition, the ventricles of mdx:MyoD Ϫ͞Ϫ hearts contained regions in which individual cardiac myocytes were substantially enlarged, a phenomenon not observed in wild- (Fig. 1B) Table 1) . Although the increased mass in mdx:MyoD mice relative to mdx mice was a reproducible trend, the sample size did not allow a determination of significance. However, the relative heart-weight to body-weight ratio of mdx:MyoD Ϫ͞Ϫ mice was significantly increased compared with either parental strain or those of wt mice (Table 1 , P Ͻ 0.01). The relative heart-weight ratio for wt, mdx, and MyoD Ϫ͞Ϫ genotypes was comparable to published morphometric data for normal mice (22, 23) . By contrast, the relative heart-weight ratio in mdx:MyoD Ϫ͞Ϫ mice was similar to other models of murine cardiac myopathy͞hypertrophy (23) .
Taken together, the cardiac changes in mdx:MyoD Ϫ͞Ϫ mice appear to resemble the cardiac adaptations associated with DMD cardiomyopathy (2-4). Importantly, MyoD is not expressed in the heart and plays no role in heart development. Moreover, the myopathic changes in the heart were not evident at times preceding the onset of dystrophic symptoms. Therefore, these results are consistent with the hypothesis that skeletal myopathy in DMD may contribute significantly to the development of cardiomyopathy.
Activation of SAPK and p38 Pathways in mdx:MyoD ؊͞؊ Cardiomyopathy. Recent in vitro studies have reported that activation of stress-activated protein kinases (SAPKs), specifically members of the cJun amino-terminal kinase family (JNKs) and the p38͞HOG kinase family, occurs following myocyte hypertrophy (24) (25) (26) . Activation of signal transduction pathways appears to provide the link between cardiac overload and subsequent changes in gene expression that mediate myocyte adaptation (27) . Therefore, activation of JNK and p38 kinases constitutes an additional molecular criterion for defining cardiomyopathy. To investigate whether SAPK effectors were activated during the development of cardiomyopathy in mdx:MyoD Ϫ͞Ϫ mice, we performed immunoblot analysis and in vitro kinase assays. To compare relative levels of tyrosine-phosphorylated activated kinase, protein lysates from ventricles were immunoprecipitated with an antiphosphotyrosine antibody and immunoblotted with antibodies reactive with JNK-1 and p38. Substantially increased levels of tyrosine phosphorylation on p38 were observed in mdx:MyoD Ϫ͞Ϫ ventricles compared with ventricles extracted from 5-month-old mdx, MyoD Ϫ͞Ϫ or wt mice ( Fig. 2A) . Phosphorylation of JNK-1 on tyrosine (p46 isoform) was increased similarly in lysates from mdx:MyoD Ϫ͞Ϫ ventricles compared with those from wt ventricles (Fig. 2B) . However, increased phosphorylation of JNK-1 on tyrosine (p46 isoform) was observed in ventricular lysates in both mdx and mdx:MyoD Ϫ͞Ϫ mice (Fig. 2B) . Thus, changes in JNK-1 activity did not appear to reflect solely the altered status of the myocardium. In addition, as detected by Western blot analysis, the levels of p38 and JNK-1 were similar in all samples, indicating that kinase expression was unaffected by the myopathy (see Fig. 2 A and B) .
Activation of the mitogen-activated protein kinase signaling pathway was also examined. Neither Erk1 nor Erk2 showed any increase in levels of tyrosine phosphorylation in lysates from mdx:MyoD Ϫ͞Ϫ hearts (data not shown). Therefore, we conclude that activation of the stress-activated protein kinase signaling pathways are closely associated with the initial development of the mdx:MyoD (Fig. 3A) . Therefore, we conclude that the development of cardiomyopathy in mdx:MyoD Ϫ͞Ϫ mice was progressive in nature and thus appears analogous to the development of cardiomyopathy in DMD. In mdx:MyoD Ϫ͞Ϫ mice, the visible cardiac fibrosis was found consistently in the left ventricle (13 of 13) but rarely in the right ventricle (3 of 13). Therefore, these observations combined with the preferred localization of cellular hypertrophy (see previous) suggest an accelerated left-heart involvement in the development of mdx:MyoD Ϫ͞Ϫ cardiomyopathy. Although these data do not exclude rightheart involvement, the severe global myopathy in (8) (9) (10) . Indeed, the progress of cardiac disease in both DMD and BMD patients presents with preferential left-ventricular dysfunction (28, 29) . As the mdx:MyoD Ϫ͞Ϫ mouse presents an analogous progressive cardiac phenotype, the use of this model may be an important resource in defining the molecular basis of dystrophyassociated cardiomyopathy.
Histological analysis of Masson trichrome-stained sections revealed that the fibrotic areas were composed of necrotic myocytes associated with interstitial fibrosis. Areas of fibrosis were confined primarily to the epicardial region of the left ventricle (outer portion of myocardium) (Fig. 3 B and E) . Interestingly, the necrotic tissue was observed consistently within regions containing hypertrophied myocytes (Fig. 3 B  and E) . In addition, we observed that myocyte hypertrophy appeared to precede necrosis (compare Figs. 1C, 3B and E) . These data suggest that hypertrophied cardiac myocytes are more susceptible to damage. Indeed, in support of this hypothesis a recent study has demonstrated that G-proteinmediated signaling in cardiomyocytes results in a two-step phenotypic response, an initial hypertrophy followed by apoptotic cell death (30) . Alternatively, cellular hypertrophy may also represent a response to local cardiac damage (31, 32) . Clearly, verifying the origin and mechanism of cellular damage will be critical in understanding the pathology of this cardiomyopathy.
Differential Activation of JNK-1 and p38 in Early vs. Late Cardiomyopathy. If the development of cellular hypertrophy and necrosis represents distinct stages in cardiomyopathy, we may observe differential activation of specific signaling cascades. Therefore, we compared the activation of the SAPK effectors JNK-1 and p38 in early-and late-stage disease as defined by age and the presence of fibrotic areas. In heart lysates from 10-month-old mdx:MyoD Ϫ͞Ϫ mice with visible cardiac fibrosis, phosphorylation of p38 was dramatically reduced compared with the level observed in heart lysates from 7-month-old mdx:MyoD Ϫ͞Ϫ mice with undamaged hearts (Fig. 4A) . In addition, an in vitro kinase assay was performed with immunoprecipitated p38 by using a preferred substrate ATF2. In comparison to hypertrophy alone, immunoprecipitated p38 from damaged cardiac tissue was approximately 2-fold less effective at phosphorylating ATF2 (autoradiography of bands, wt ϭ 1, hypertrophy ϭ 3.0, damage ϭ 1.8 arbitrary units) (Fig. 4A) . Therefore, the increased activity of p38 during early-stage mdx:MyoD Ϫ͞Ϫ disease suggests an early role for this kinase in the development of cardiac cell hypertrophy.
By contrast to p38, phosphorylation of JNK-1 on tyrosine was elevated in damaged mdx:MyoD Ϫ͞Ϫ hearts (Fig. 4B) . In an in vitro kinase assay, immunoprecipitated JNK-1 phosphorylated a preferred transcription factor target cJun to similar levels in lysates from wt, hypertrophied, and damaged hearts (autoradiography of bands 1, 1.4, and 1.1, respectively) (Fig.  4B) . However, JNK-1 activates proteins ranging from non-cJun transcription factors to ICE-CED-like proteases (33, 34) and the four isoforms JNK-1 vary widely in the ability to activate cJun (33) . Therefore, activation of JNK-1 may have profound consequences for cardiac myocyte homeostasis independent of cJun phosphorylation.
Taken together, these data support the hypothesis that systemic changes originating from widespread skeletal muscle damage are a significant contributing factor to the development of cardiomyopathy in the mdx:MyoD Ϫ͞Ϫ mouse. Moreover, it is possible that skeletal muscle damage may not be the only precipitating event that induces the cardiac damage in the mdx:MyoD Ϫ͞Ϫ mouse. Indeed, as the loss of dystrophin reduces the structural stability of muscle fibers, the normal cardiac workloads associated with prolonged mobility may also contribute to cardiomyocyte damage. In addition, other factors may influence the progress of the myopathy, separate from or in conjunction with hemodynamic loads. For example, damaged skeletal muscle may release unidentified factors that affect myocardial integrity. Specifying the origin of this sec-FIG. 4 . Constitutive activation of SAPK effectors in wt, early (hypertrophy), and late (damage) mdx:MyoD Ϫ͞Ϫ cardiomyopathy. Tyrosine phosphorylation of p38 (A) and JNK-1 (B) was assessed by immunoprecipitation with an antiphosphotyrosine antibody, followed by Western detection with anti-p38 or anti-JNK-1 (Top). p38 and JNK-1 were immunoprecipitated from these lysates and used in an in vitro kinase assay to test the ability of the proteins to phosphorylate an exogenous substrate (ATF2 for p38 and cJun for JNK-1) (Middle). Lysates subjected to SDS͞PAGE followed by Western detection revealed equivalent amounts of p38 and JNK-1 within each genotype (Bottom). Similar results were obtained in independent experiments (three IP͞Western blot analyses and two kinase assays). Note the IP:Western analysis in A revealing p38 phosphorylation was subjected to about a 10-fold shorter exposure than the experiment shown in Fig. 2 A.
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Medical Sciences: Megeney et al. Proc. Natl. Acad. Sci. USA 96 (1999) ondary effect will be an important step in understanding the etiology of the mdx:MyoD Ϫ͞Ϫ model, which in turn may impact our understanding of human dystrophy-associated cardiomyopathy. The present study implicates a role for the kinases p38 and JNK-1 in the development of dystrophy-associated cardiomyopathy. Nevertheless, activation of alternate signaling cascades may also contribute to this phenotype. For example, the calcium-dependent phosphatase calcineurin induces the translocation of the transcription factor NF-AT3 to the nucleus, where it synergistically activates transcription by binding the transcription factor GATA-4. Consequently, this pathway is believed to play an important role in the development of cardiac hypertrophy (35) . However, whether the calcineurin-NF-AT signaling pathway plays a role in the development of cardiomyopathy in mdx:MyoD Ϫ͞Ϫ mice remains to be addressed.
The mdx:MyoD Ϫ͞Ϫ mouse represents the most accurate murine model of DMD cardiomyopathy that is currently available (the pathology develops without additional cardiacspecific gene alterations). Clearly, the mdx:MyoD Ϫ͞Ϫ mouse will be a critical resource for investigating cardiac disease progression associated with dystrophy. Indeed, the observed activation of specific protein kinase signaling pathways suggests that selective in vivo modulation of these kinases may provide an approach to attenuate this cardiac phenotype.
